Introduction
[2] Since the beginning of the Cassini Orbiter mission at Saturn in June 2004, several authors have studied the injection/dispersion events observed in the inner part of the planet's rapidly rotating magnetosphere [e.g., André et al., 2005; Burch et al., 2005; Hill et al., 2005; Mauk et al., 2005] . These structures emerging in energy-time spectrograms are now widely accepted as direct evidence of inward plasma transport resulting from interchange instabilities that are dynamically dominated by the centrifugal force [e.g., Hill et al., 1981; Pontius et al., 1986] . By analyzing data from the Cassini Plasma Spectrometer (CAPS) [Young et al., 2005] , Chen and Hill [2008] conducted a statistical study, which included 429 well-shaped injection/dispersion events that were selected from 26 orbits between July 2004 and August 2006. They obtained results consistent with previous studies with respect to various properties of the injection structures, including their ages, longitudinal widths, and local time distributions. They reported that no obvious periodicity is present in the occurrence frequency of these events. They further showed that the injection structures occupy only a small fraction (∼5-10%) of the available longitudinal space. This important conclusion implies a picture of Saturn's rotationally driven convection system that comprises narrow rapid inflow channels surrounded by broader but slower outflow channels.
[3] The study described here continues the analysis of the widths of the injection/dispersion structures, and improves the statistics by extending the sample space to include 622 events including some very young ones as described by Burch et al. [2005] , which were ruled out by the selection criteria in our previous study. On this basis, the width of inflow and outflow channels in the convection system can be inferred and quantified more accurately.
[4] Wilson et al. [2008] presented profiles of the ion velocity moments within the range 5.5 to 11 R S (1 R S = Saturn's equatorial radius = 60,268 km), also on the basis of CAPS observations. We apply these moment data to construct radial profiles of plasma sheet scale height and flux tube mass content in Saturn's inner magnetosphere. Combining these profiles with our analysis of inflow and outflow channel widths and hence radial speeds, we derive a global estimate of the ion mass outward transport rate and compare this value with other estimates using different methods.
neous measurements of electrons and positive ions within the energy ranges 0.6-28,250 eV and 1-49,800 eV, respectively, each in 63 contiguous logarithmically spaced energy bins. Both ELS and IMS have eight contiguous detecting anodes arrayed in the elevation direction, each covering 20°of elevation angle. In addition, the whole CAPS instrument is mounted on a rotating actuator, which covers an angular range of up to 208°about the spacecraft Z axis at a rate ∼1°s −1 . Thus, CAPS can sample about 56% of the full 4p steradian sky in about three minutes.
[6] As discussed by both Hill et al. [2005] and Chen and Hill [2008] , these injection/dispersion structures are triggered by the centrifugal interchange instability, which causes the hot, tenuous plasma flux tubes to move inward and exchange with cold, dense flux tubes. The ages of the injections can be inferred from the slopes of the V-shaped features in the spectrograms [Hill et al., 2005, equation (1)]. In these previous studies we mainly focused on the electron data, because most of the time the rarefied ion distributions produce an IMS counting rate that is too low to reveal the structures. We continue to focus on the ELS data here for the same reason. In addition, we confine our analysis here to the radial distance range 5-10 R S , which is often referred to as Saturn's inner magnetosphere, because most (>95%) of the injection/dispersion events are observed in this region. One of the selection criteria of Chen and Hill [2008] was that the slope of the legs of the V-shaped energy-time dispersion structures must be reliably measurable. This means that very young injections were excluded because the uncertainties of their slopes produce large relative errors in estimating their ages. In this study our focus is not on the ages of the injections, but rather on their widths. Therefore, the very young events are included as long as their widths are reliably identifiable on the time axis. With this change, the total number of injection events in our sample space increases to 622, all from the 27 Cassini orbits between July 2004 and August 2006. The other selection criteria of Chen and Hill [2008] are retained. For example, these injection events must be distinguishable from each other, with identifiable apexes of the V-shaped structures in the linear scale energy-time spectrograms.
[7] It has long been a difficult problem to calculate reliable ion velocity moments from the CAPS observations because of the instrument's limited and variable field of view. A straightforward numerical integration over observed ion counts produces estimates of ion density, velocity and temperature which are routinely available but frequently suspect because of the incomplete angular coverage [e.g., Thomsen, 2009] . Wilson et al. [2008] addressed this problem by applying a forward modeling technique to a carefully selected subset of IMS data between 5.5 and 11 R S near the dayside equatorial plane. On the basis of previous studies , they assumed two ion populations (water group and protons), modeled them as anisotropic Maxwellian distributions with the same bulk flow velocities, and fitted the free parameters to obtain velocity moments for both species. The forward modeling technique places strict requirements on observation conditions, including a favorable field of view and a near-equatorial location, so only 5 orbits (orbits 16, 18, 19, 21, and 23) were selected in their study. Also, interchange injection events were excluded to ensure a roughly constant plasma environment in each data interval. These ion moments are used directly in the following section.
[ 
Results

Widths of Injection/Dispersion Events
[9] The measured partial corotation speed is much larger than the gradient curvature drift speeds of the particles, and also much larger than the orbital speed of the Cassini spacecraft. When an injection is swept past the spacecraft, the time width Dt of a leg of a V-shaped injection structure can be read directly from a linear energy-time spectrogram. The corresponding longitudinal width W of the structure can then be calculated from
Here L represents the dipole L value and W is the observed rotational frequency of the subcorotating plasma, which we take from the polynomial fit to the observed azimuthal velocities in Table 3 of Wilson et al. [2008] :
where R represents the planet-centered distance. Because Wilson et al. selected data from equatorial orbits at negligible magnetic latitudes, we can confidently make the approximation R ≈ LR S . Figure 1 is a scatterplot of the widths of all the events we can identify. The average structure width is calculated for each 0.5 R S radial bin and is shown by the histogram in Figure 1 , which shows a modest trend of increasing width with radial distance. A linear fit is shown by the dashed line in Figure 1 , the slope of which represents the average angular width of all the injection structures in radians. Our results indicate that this angular width is ∼2°.
[10] To illustrate the relative widths of inflow and outflow sectors we sum over the widths in time of all the injection events in a given longitudinal sector, and divide by the total time that Cassini spent in that sector. We use the Saturn longitude system SLS3 [Kurth et al., 2008] , appropriate to this epoch. Using the subcorotation speeds presented by Wilson et al. [2008] , we have converted the SLS3 longitudes where the injections were observed to the longitudes where they were injected. Figure 2 shows that, on average, only about 7% of the available longitudinal space in our data was occupied by inflow sectors, leaving the rest (∼93%) for outflow sectors. There is no systematic dependence of this ratio on SLS3 longitude. These results based on our new larger data sample are consistent with those of Chen and Hill [2008] . A similar characteristic has been exhibited by numerical simulation results from the Rice Convection Model (RCM) [e.g., Wu, 2009; Liu and Hill, 2009 ]. An analysis of the radial dependence of this ratio is shown in Figure 3 . While there is no obvious dependence on longitude, there is a clear dependence on radial distance, with a broad peak located between 6.5 and 8.5 R S .
Centrifugal Scale Height
[11] In a rotating magnetosphere with dominant internal plasma sources it is expected that plasma is confined in latitude to a region near the spin equatorial plane because of the balance between the pressure gradient force and the centrifugal force [Hill and Michel, 1976] . A dense diskshaped plasma sheet is therefore formed, which, for Saturn, extends from inside 5 R S to at least 17 R S [Bridge et al., 1981; Carbary et al., 2008] . The thickness of this sheet is described by the centrifugal scale height [Hill and Michel, 1976] 
where k B is the Boltzmann constant, T k is the ion parallel temperature, m i is the average ion mass, and W is the observed subcorotation speed. Hill and Michel [1976] noted that only near-equatorial plasma sources produce strong equatorial confinement of the plasma, a condition that is applicable in Saturn's case where the major plasma source is now known to be the neutral torus produced by the icy satellite Enceladus [e.g., Johnson et al., 2006; Pontius and Hill, 2009] .
[12] It has been observed that the two dominant ion species in Saturn's inner magnetosphere are water group ions (W + ) and protons (H + ) . The density of water group ions is much larger than that of protons (n W + /n H + > 5) [Wilson et al., 2008, Figure 6 and Table 1 ]. Moreover, the mass of one water group ion is ∼17 times larger than that of a proton. Therefore, we neglect the mass of the protons and only include water group ions in our calculation. We adopt 17 amu as the mean mass of water group ions (m W +) and use a spin-aligned dipole magnetic field model, since the angle between Saturn's spin axis and magnetic axis is less than 1° [Smith et al., 1980] . Although the dipole field is significantly distorted in the middle magnetosphere [Khurana et al., 2009] , the distortion is insignificant, compared to other observational uncertainties, in the inner magnetosphere (5-10 R S ), where most of the injections are observed.
[13] Figure 4 shows the results of our calculation of the centrifugal scale height, with a fourth-order polynomial fit represented by the solid curve. The half thickness of the plasma sheet ranges from about 1 to 3 R S and increases with radial distance between about 6.5 to 9 R S . This behavior is consistent with that of the electron scale height derived by Persoon et al. [2006] from the latitudinal variation of electron densities measured by the Radio and Plasma Wave Science Investigation (RPWS) instrument [Gurnett et al., 2004] . The results shown here are also consistent with the previous work done by Rymer et al. [2009a] . The dip at around 6.5 R S is directly related to the same feature in the water group ions' parallel temperature profile [Wilson et al., 2008, Figure 7] .
Flux Tube Mass Content
[14] On the basis of the results above, the column density of the plasma sheet, i.e., the mass of plasma per unit equatorial area, is given by
where n W + and m W + are the number density and the average mass of water group ions, respectively. The flux tube mass content can then be calculated from the definition
where B 0 (0.21 × 10 −4 T) is the surface magnetic field strength at Saturn's equator. As in the steps above, our calculation is performed on a point-by-point basis from the data of Wilson et al. [2008] . The results are presented in Figure 5 , where different colors correspond to different orbits of data.
[15] The flux tube content, in the absence of sources or sinks, would be conserved along streamlines of the flow [e.g., Hill et al., 1981] . Therefore, any radial variations of flux tube content should indicate the existence of plasma mass loading or loss processes. It is obvious from the scatterplot in Figure 5 that the flux tube content is not conserved either within an orbit or from orbit to orbit. The values range from about 0.4 × 10 −3 to 1.7 × 10 −3 kg/Wb with a broad peak located near 8-9 R S . Rymer et al. [2008] calculated the total flux tube content to include both water group ions and protons and obtained similar results. It is notable that only one of the five available orbits (orbit 19) covers a relatively complete radial range between 5 and 10 R S , while the other four orbits of data are quite limited in radial space. We also plot the flux tube content in polar coordinates in Figure 6 to show its longitudinal dependence. It is obvious in Figure 6 that although the data set of Wilson et al. [2008] covers only a limited range of local time, it does cover most SLS3 longitudes. However, the coverage of longitudinal space is still limited within each radial bin, and the flux tube content varies dramatically with longitude in a given radial bin, though not when averaged over radial bins ( Figure 5 ). Owing to the limitations of space and time coverage in the observations, the only conclusion that can be safely drawn from Figures 5 and 6 is that the flux tube content is time variable, both within a given orbit and from one orbit to another.
[16] McAndrews et al.
[2009] presented additional IMS ion moments outside 10 R S in the tail region and also derived the flux tube content. In general, their values of h are smaller than those shown here, and show a slight decrease with radial distance, so the radial gradient of flux tube content remains consistently negative outside 10 R S after its turnover at around 8-9 R S . We do not include these tail data in our study because the injection events are observed mostly inside of 10 R S .
Mass of Inner Plasma Sheet
[17] With the column mass density (equation (4)), it is straightforward to integrate over radial distance and longitude to obtain the total mass of Saturn's inner plasma sheet. The integral from 5.5 to 10.5 R S gives a total mass ∼5 × 10 7 kg. If we were to count the mass of protons, the result of this estimate would be only slightly larger (<1%). However, this estimate has considerable (factor ∼2) error bars because of the limited observational coverage and the approximations made in our calculation. Rymer et al. [2007] estimated independently that there are ∼2 × 10 33 charged particles (ions and electrons) in a toroidal region between L = 4 and L = 10. This is equivalent to a total mass of ∼6 × 10 7 kg, which is quite consistent with our estimate.
[18] Arridge et al. [2007] used a different method (analysis of observed magnetic perturbations coupled with stress balance arguments) to estimate a total mass ∼10 6 kg for the magnetodisc between 18 and 45 R S . The difference between our estimate and theirs may indicate a systematic mass loss process between 10.5 and 18 R S , but it should be noted that their result was presented only as an order-of-magnitude estimate with large uncertainties, including their assumption of rigid corotation.
Radial Speeds of Plasma Transport
[19] The ratio of the average radial speeds within inflow and outflow sectors at a given distance should be the reciprocal of their average width ratio, because the total potential drop across all inflow and outflow sectors on a given L shell should be close to zero according to the steady state version of Faraday's law combined with the ideal MHD condition E + v × B = 0. (This is equivalent to the statement that the magnetic flux contained within a given L shell should be approximately conserved on the time scale of our sampling of a given L shell, i.e., the 10.8 h rotation period of Saturn [e.g., Gurnett et al., 2005; Giampieri et al., 2006] .) We have shown above (Figure 2 ) that the inflow sectors occupy only ∼7% of the available longitudinal space when averaged over radial distance, so we expect that the average inflow speed should exceed the average outflow speed by a factor ∼(1 − 0.07)/0.07 ∼ 13 when averaged over radial distance.
[20] In Figure 7 , the long dashed histogram shows the radial outflow speeds reported by Wilson et al. [2008] , averaged over 1 R S radial bins and then multiplied by a constant factor 5 to make this histogram visually distinguishable from the other histograms shown on the same scale. Wilson et al. [2008] excluded all injection structures in their study, in order to select relatively time-independent data intervals necessary to obtain ion velocity moments. Therefore, their V r data only represent the radial speeds within the presumed broad outflow sectors. Wilson et al. [2008, Figure 10] show that there are both positive and negative V r values in each of our 1 R S radial bins, in spite of the fact that they excluded inflow sectors by excluding injection/dispersion events. Consistent with this result, numerical RCM simulations [Liu and Hill, 2009 ] exhibit numerous regions of intermittent inward flow embedded within broader regions of global outflow. Owing to statistical undersampling, Wilson et al. [2008, Figure 10] show essentially zero average outflow speed within our 7-8 R S radial bin; with this exception, there is a clear indication of a roughly linear increase of outflow speed with increasing distance.
[21] The dotted histogram in Figure 7 shows the binaveraged inflow speeds inferred from the observed outflow speeds according to the inverse width ratio as described above. With the exception of the same undersampled radial bin noted above (7-8 R S ), the inferred inflow speed also increases, faster than linearly, with increasing distance. Figure 9 ] within the same 1 R S radial bins), and the ideal rigid corotation speed (dashed black line).
[22] Theoretical considerations [Vasyliũnas, 1994; Hill, 2009] indicate that in the convection system of a corotationdominated magnetosphere the radial speed of plasma transport should not exceed the local corotation speed. This sets a theoretical upper limit for both inward and outward transport speeds, which is more restrictive for the former, known to be the larger of the two. The observational results in Figure 7 seem to confirm this expectation; both the directly observed outflow speeds and the resultant inferred inflow speeds are uniformly smaller than the local azimuthal speeds, which are in turn uniformly less than the rigid corotation speed.
[23] There are two previous estimates of the inflow speeds of injection structures with which our results can be compared. Burch et al. [2005] noted that their observations of a particular (young) injection event are consistent with an average injection speed ∼25 km/s between 10 and 5 R S (assuming that speed to be constant within that radial range). This estimate is roughly consistent with our results of Figure 7 in the two radial bins between 8 and 10 R S . Rymer et al. [2009b] estimated from CAPS observations, with a technique very different from ours, a radial injection speed ∼71 km/s (correcting for an arithmetic error in that paper) between 11 and 7 R S for a particular injection event that was different from (but similar to) the event considered by Burch et al. This estimate is outside the range indicated by our statistical results in Figure 7 .
Rate of Mass Outflow
[24] The ultimate goal of this study is to estimate the global net rate of outward ion mass transport, given by
where F out denotes the potential drop summed over outflow sectors at a given distance, calculated from
where V out is the mean plasma outflow velocity and W out is the mean longitudinal width of outflow channels at a given L shell, and similarly for F in , V in and W in . The approximation in (6) follows from the assumption that F out ≈ −F in and the observation that h out ) h in .
[25] Before estimating the net mass outflow rate, we first bin the individual measurements of mass outflux by radius and SLS3 longitude. The results are shown in polar coordinates in Figure 8 , where the color bar represents the mass outflow rate per unit width (i.e., per unit length in the azimuthal direction) at a given L shell, defined as . The radial bin 7-8 R S is statistically undersampled and shows essentially zero average radial speed both for (measured) outflow and for (inferred) inflow. The solid black histogram shows the azimuthal speeds reported by Wilson et al. [2008] averaged within the same radial bins, and the dashed line shows, for reference, the rigid corotation speed.
suggests a statistical undersampling. Between longitudes 270°and 310°there is a sector of almost exclusively negative radial flux, but it is uncertain whether this is a persistent longitude pattern or simply an inadequate statistical sampling.
[26] Finally, we neglect the radial bin 10 to 11 R S because of its lack of statistical significance, and apply equations (6) and (7) to obtain a global estimate of the mass outflow rate versus radial distance. We calculate the azimuthally averaged value of d _ M dW within a given radial bin, and multiply it by the total width of outflow channels in the same radial bin obtained from Figure 3 . The results are shown as a histogram in Figure 9 . Despite the large standard deviations (marked by "error bars") in each radial bin, there is a general Figure 9 . Rate of outward transport of ion mass in Saturn's inner magnetosphere, averaged over longitude in each 1 R S radial bin. The "error bar" shown at the center of each bin represents the standard deviation (not the measurement error) of all data points within that bin. Figure 8 . Mass outflux per unit width (i.e., per unit length in the azimuthal direction) derived directly from the IMS measured radial velocity components, shown in the same polar coordinate system as in Figure 6 . trend of increasing bin-averaged mass outflow rate with increasing distance. This feature is qualitatively consistent with the extended plasma source model of Johnson et al. [2006] . The magnitude of the global mass outflow rate estimated here is roughly consistent with previous independent order-of-magnitude estimates ∼100 kg/s obtained from indirect arguments based on CAPS data [e.g., Tokar et al., 2006; Hill, 2006, 2009] .
Conclusions
[27] With an expanded database of injection/dispersion events, we have obtained more complete statistics of the widths of inflow sectors compared with those of outflow sectors in Saturn's inner magnetosphere. When averaged over the radial range 5 to 10 R S , only ∼7% of the available longitudinal space is occupied by inflow sectors. This fraction shows no systematic longitudinal dependence but a strong radial dependence, with a broad peak between ∼6.5 and 8.5 R S and dropping off sharply outside this range. This result indicates that the radial speed of inflow sectors is, on average, ∼13 times larger than that of outflow sectors. Both the observed outflow and the inferred inflow speeds are smaller than the local (observed) rotational speeds.
[28] Assuming that the plasma is confined near the equatorial plane, we have calculated the centrifugal scale height of the inner plasma sheet according to the model of Hill and Michel [1976] . The resulting scale heights range from about 1 to 3 R S , with a general tendency to increase with increasing radial distance. The flux tube mass content calculated on this basis is variable both in radial distance and in longitude, probably indicating the existence of variable plasma source or loss processes in the inner magnetosphere. We estimate the total mass of the inner plasma sheet (from 5.5 to 10.5 R S ) to be ∼5 × 10 7 kg. We combine our estimate of flux tube content with IMS observations of radial plasma speeds to obtain a global estimate of the net mass outflow rate ∼280 kg/s, consistent with but larger than earlier independent estimates. The prominent increase of mass outflux between 8 and 10 R S probably indicates extended plasma sources in that region.
[29] If we divide our estimate of the total mass of the plasma sheet between 5 and 10 R S (5 × 10 7 kg) by our estimate of 280 kg/s for the mass outflux at 10 R S , we obtain a plasma residence time ∼2 days inside 10 R S . This is interesting: it implies that CAPS sees a totally new plasma sheet on every orbit through Saturn's inner magnetosphere. The neutral water vapor reservoir has a much larger total content, and hence a longer residence time. It therefore acts as a buffer against the radical (order of magnitude) changes in the plasma population that might otherwise be expected from orbit to orbit.
[30] The available determinations of ion velocity moments are very limited, both in time and in space, and we expect that additional measurements in the future will provide us with a more reliable estimate of the mass outflow rate. Additional work is also needed to include the flux tube content profiles inside 5 R S and outside 10 R S to provide a more comprehensive picture of mass transport in Saturn's magnetosphere.
